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1 
This invention relates generally to methods of 
and apparatus for rapidly and accurately solving 
specified problems and more particularly to meth- 
ods and apparatus utilizing electrical circuits for 
the solution of problems assocated with the de- 
sign or analysis of mechanical structures. 
Determination of moments, side sways, or other 
variables related to frame structures is ordinarily 
accomplished entirely by mathematical calcula- 
tions, usually by methods of successive upproxi- 
mations which, in the case of relatively compli- 
cated structures, require lengthy and tedious 
computations. The solutions of these problems, 
therefore, involve considerable expense, are sub- 
ject to the likelihood of human errors, and neces- 
itate aplreciable delay between the assignment 
of the problem and ascertainment of the solution. 
In accord.ance with the present invention, 
methods and apparatus are provided for solving 
such problems in a small fraction of the rime 
formerly required and substantially decreasing 
the likelihood of human errors and consequently 
reducing the expense involved in the solution of 
such problems. 
Certain equations which express fundamenhul 
relationships between electrical quantities are 
closely analogous fo equations involving parame- 
ters encountered in civil engineering problems. 
This invention provides the necessary methods 
and apparatus for establishing relationships or 
analogies between electrical quantifies ,and vari- 
ables associated with structural frarnes, thus per- 
mitting the electrical simulation of problems orig- 
inally expressed in terres of civil engineering pa- 
zarneters, the determination y measurement of 
resulting electricl quantifies, and the conversion 
of these v.alues into the desired solutions of the 
civil engineering problems. The electrical ap- 
paratus may be so designed that, with the assist- 
ance of relatively simple instructions, a civil en- 
gineer having no specialized knowledge of elec- 
trical principles may readily utilize the apparatus 
fo solve structural or other problems, thereby 
greatly increasing the utility of the invention. 
Accordingly, if is an object of this invention to 
provide methods and apparatus whereby prob- 
lems expressed as mechanical conditions or pa- 
rameters may be solved by electrical methods. 
A further object of this invention is fo provide 
Such methods and apparatus whereby civil en- 
gineering problems may be rapidly solved or cor- 
responding structures designed by one convernt 
with the principles of civil engineering but hOt 
necessarily possessing unusual knowledge of the 
principles of electricity. 
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Still .another object is to provide methods and 
apparatus for the determination, by electrical 
means, of parameters or conditions relating to 
frame structures. 
5 The invention accordingly consists in the fea- 
tures of construction, combinations of elements, 
arr«ngements of parts, and methods of operation 
as will be exemplified in the structures and se- 
quences and series of steps fo be hereinafter indi- 
lo cated and the scope of the application of which 
will be set forth in the claires. 
Other objects will be in part pointed out and 
in part apparent from the following description 
taken in conjunction with the attached drawings, 
15 in which: 
Figure 1 represents a portion of frame struc:e 
ture, 
Figure 2 is an electrical circuit equivalent to 
the structure shown in Figure 1, 
a0 Figure 3 represents a portion of another frame 
structure, 
Figure 4 is an equivalent circuit of the struc- 
ture shown in Figure 3, 
Figure 5 represents a beam having one end 
25 firmly clamped and the other end connected fo 
the remaining portion of a frame structuze, 
Figure 6 is an equivalent circuit of the beam 
shown in Figure 5, 
Figure 7 represents still another frame struc- 
30 ture, 
Figure 8 is n electrical circuit analogous fo 
the structure shown in Figure 7, 
Figure 9 is another and more complics, ted 
frame structure, 
35 Figure 10 represents, diagrammatically, the 
electrical aploaratus for solving problems asso- 
ciated with the structure represented by Figure 9, 
Figure 11 shows one unit of an electrical ap- 
O0 Figure 1 shows the electrical circuit of the ap- 
tBratus of Figure 11, 
Figure 13 shows electrical components for use 
with apparatus of the type shown in Figure 11, 
Figure 14 shows a four-terminal electrical net- 
45 work including capacity elements, and 
Figure 15 shows a four-terminal network com- 
prising resistive elements .and two sources of con- 
stant voltage. 
In this specification and the accompanying 
5O drawings, there is shown and described a pre- 
ferred embodiment of this invention and various 
modifications thereof; but if is fo be understood 
that these are hot intended to be exhaustive nor 
limiting of the invention, but on the contrary are 
55 given for the purposes of illustration in order 
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that others skilled in the art may fully understand 
the invention and the principles thereof and the 
manner of applying it in practical use so that 
they may modiïy and adapt it in various forms 
each as may be best suited to the conditions of 
a particular use. 
Many mathematical expressions ordinarily 
used fo denote principles involved in civil en- 
gineering problems may be shown fo bave the 
saine general ïorm as mathematical equations 
which represent principles pertaining fo elec- 
trical circuits. For example, consider the 
analogy between the moments exerted about _a 
rigid joint in a ïrame structure and the elec- 
trical current existing ai the junction of two or 
more conductors in an electrical sytem. 
Assume a number oï structural berss Or 
columns tobe ïastened ai a rigid joint.. In ac- 
cordance with civil enginee1ing principles the 
algebraic sure of the moments, M, exerted by the 
individual bear s or columns is equal to zero: 
M-MI÷M2÷M3 . .  M0 (1) 
Moments exerted in one direction are cosidered 
tobe positive and th0se exerted ih the 0ppsite 
diection reconsidered fo beiiegative. 
Ai the junctin oï a numbe oï coridutorg in 
an eledtrical network the algebraic sura oï the 
currents, I, enering anal lêaving the junCtion is 
èqfial fo zero, Wherê urents entering, the nt- 
work are said tobe 0ï oppOsite sign from those 
leg¢ihg it: 
:I:I÷i2÷I . . . I:0 (2) 
The Equations I and 2 are seen fo be oït1ê-ame 
gèneral ïorm, thus indicating that under pre- 
scribed conditions we may consider a moment 
t0 be ànalogous to an elëctrical current. 
When a moment is applied fo a rigid joint., 
thè joint is caused to rotate through a fmite 
angle which depends for ifs magnitude upon the 
characteristics, for examPle stiffness, oï the 
structural members connected to the joint. The 
joint.being rigid as regards the several members 
in 2elàtion fo each other, th ends oï äll mem- 
bers are necessarily caused fo rotate the saine 
amount by thë applied moment. 
Similarly, ata junction of sCeraÂ corïductors 
in an electrical System the voltages existing be- 
tween each of the conductors at the junction 
and a c0mmon reïerenCe point are necessarily 
equa! in value. This indicates that under pre- 
scribed conditions, the angle of rotation of the 
members ïorming a rigid joint may be said to 
be analogous fo the voltage existing ai a junc- 
tion of two or more electrical conductors. 
To ïurther illustrate the possibility of con- 
idering a current as the electrical countepart 
of a mechanical moment and in addition fo point 
out an analogy between the resistance of an 
electrical network and the stiffness of ä structural 
element consider the simple frame structure 
shown in Figur 1. Three symmetrical strucural 
elements ,  and -, forma rigid joint.at 
wifh the 0pposite end of each element firmly 
clamped. An external moment, hoE, is appiied in 
the direction indicated by the arrow which tends 
to rotate joint  but is resisted by the moment 
exerted by structural elements 8,  and 
At èquilibrium joint 3 will. have been rotated 
through a finite angle from its orginäl position 
and the magnitude of this angle is a function 
of Che stiffness of elemens !l},  and 2. At 
equflibrium the individual nïoment exerted by 
ny one of the structural elments under these 
Conditions is a ïunction of thWStiffness of thAt 
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element. If each of the elements has the saine 
stiffness, each will exert the same moment about 
joint 3; then 
5 M0 = M = M=- 
( 
3 
) 
In summary oï the above, if may be said that 
under proper circumstances: (1) .a cur.rÇnt flow- 
ing through an electrical circuit element may be 
 c0nsidered as analogous to a moment in a physi- 
cal structure; (2) a voltage across an electrical 
element may be considered as analogous to a 
rbtition in a physical structure; and (3) a 
itànce or impedance may be considered as 
15 analogus to the reciprocal of the stiffness in a 
physial structure. 
An electrical circuit that may be considered 
analogous to the structure oï gure I is shown 
in Figure 2. Three ïour-terminal resistive net- 
20 works, generally indicated ai , 6, and , are 
connected ai a common junction . A 'four- 
eminal net0rk" is a neork 0f electrical el-e- 
n having tWO pairs oï terminals vailable 
ïor ëxternalconnection áhd conting no sources 
25 of electrcal energy, such as, batteries or genera- 
tors, or the like. "Four-terminal networks"..re 
ell known in thc electrical engineering fleld 
and are oïen reïerred to as "two ternal.pair 
netorks" or simply as "to terminal pairs?' 
discussio of te characteristics of f0ur-terminal 
30 
nerks can be ïound in chapter IV of "Com- 
mucation Netorks," Volume II by Professor 
ErnSt A. Guillemin, 1st edition, 5th printing, 
John Wiley and Sons; these four-terminal net- 
35 w0rks are discussed beginning ai page 448 in 
"E]ectric Circuits" by the Electrical Engineering 
Staff o M. I. T., 1st edltion, th priting, John 
Wiléy an So; sec alto pages 197 and 18 of 
"Rgdio Enginéer's Handbook" by Proess0r F. E. 
4 Terman, 1st edition, 7th impression, McGra- 
Ii. A source o voltge 9 is connected fo the 
nètrks through a resistance 2 which .may 
erve fo make the source oï voltage 9 act ke a 
so called "constant-current" source as exp!ained 
45 héreinaïter. The current flo into each netork 
ill bë an inverse function o the total input 
resistance of that network in a manner analogo 
fo the structural example in hich the moment 
exerted by the structural element is a direct 
50 function of the stiffness oï that element. 
Furthermore, if the input resistances of the 
networks Æ, 6, and  are equat, the currents 
I, I, and I, into the respective netorks ill 
be equal. Thus, 
A resistance may thus bWconsidered, undr pre« 
scribe Condition, as analogous to the reciprocal 
60 oï the Stiffness oî an element in a méchacal 
structure. 
In Figure  Symmeçricul bem 2  connected 
ai a rigid joinç A fo members 23 and 24 and 
a Sedond rigid joint B o members 2] and 28. 
65 Two 10ads, W and W:, are applied fo beam 
as Shown. 
The moments exerted by beam 21 about either 
end are expressed by the following Civil egi- 
neering equation which neg!ect the ëffect of 
70 sway: 
,gs (2p.4ps) Cgs (5) 
Where M is the mmen exerëd by beam 
75 b0ç çhe end A, «! is he moment exertëd by 
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beam 2! about the end B,  is the stiffness of 
beam 2! which 'for present purposes is assumed 
to be symmetrical and uniform, pAis the rota- 
tion of joint A upon loading, pB is the rotation 
of joint B uPon loading, CAB is the fixed-end 
moment about the end A, CA iS the fixed-end 
moment about the end B, and a fixed-end mo- 
ment is dCned in accordance with civil engi- 
neering practice as the moment about the end of 
the beam when the two ends of the beam are 
securely clamped, with the beam subjected fo the 
existing loads. 
Figure  illustrates a four-terminal resistive 
network 29 having a voltage VA imprissed across 
one set of terminals, a voltage VB impressed 
across the other pah" of terminals, and two cur- 
rents C'AB and C'BA, of constant value impressed 
as shown. 
The general equaticns for current fiow into 
each end of the network are, With suitable sign 
conventions: 
I=¢V÷V+C' (7) 
I----V--V +C'  (8) 
where ç,  and  are constants depending upon 
the particular network. C'AB and C'BA represent 
the constant currents impressed on the networks 
as shown. These equations are of the saine gon- 
oral type as Equations 5 and 6 and the moments 
about the ends of beam 2 (see Figure 3) are 
equivalent fo the currents IAB and IBA inte the 
respective ends of network 29 in Figure 4. The 
rotation of the joint A, , is equivalent to the 
voltage VA, and the rotation of joint B, B, is 
equivalent fo the voltage VB. 
If we now set ç equal to 24, and # equal to 4, 
thon the four-terminal network 29 may be con- 
sidered perfectly analogous te beam 2 . 
Figure 5 illustrates a symmetric beam 33 fas- 
tened to joint A at one end and securely clamped 
ai end B. If no load is applied, the fixed-end mo- 
ments CB and CBA are equal to zero. Figure 6 
shows illustratively a network 34 which may be 
considered as the electrical equivalent of the 
beam 33: The network comprises resistances 36 
3, and 38, and has impressed upon if a voltage 
VA. A condition of no load is assume, there- 
fore the fixed-end moments are zero and the 
equiva.lent circuit requires no source of constant 
current. The right-hand end of network 3 cor- 
responds to end B of beam 33 and the left-hand 
end of the network corresponds to end A of the 
beam. End B of beam 35 is securely clamped 
and therefore no rotation is possible at that end. 
We have shown that rotation may be considered 
as analogous fo voltage and therefore if the ro- 
tation is equal fo zero there must be zero voltage 
between the corresponding terminals of the net- 
work: this condition is represented by the short 
circuit connection 39. Beam 33 is uniform and 
symmerical and therefore the resistances 3, 37 
and 38 have equal values. 
Determining IB from Equation 7 we have 
ls:¢V÷O (9) 
and from examination of electrical network 34 

as specified above ¢ is equal to 2 therefore: 
1 
=- (13) 
5 Therefore the network shown in Figure 6 is per- 
fectly equivalent to beam 33 if the values of re- 
sistances 3, 3, and 3 are adjusted so that each 
resistance representi 
1 
o 
The voltage measured between terminals 4! 
and 2 is equivalent to the rotation of joint A 
in Figure 5, the current IAB is equivalent to the 
15 moment exerted by beam 33 about joint  and 
the current IA is equivalent fo the moment ex- 
erted by beam 33 about point B. 
Figure 7 illustrates a frame structure and 
Figure 8 an equivalent electrical network for 
20 determining, in accordance with the invention, 
the moments and, should occasion require, angles 
of rotation of the frame structure. A beam 
43 is supported by columns 4and . I Figure 
8, network  represents column 46, network 
25 43 represents beam 43 and network  represents 
column  It is fo be noted that the networks 
are connected in a simple manner that is 
analogous to the physical position of the struc- 
rural elements in Figure 7 and that the clamped 
3o ends of columns 46 and 4 are respectively repre- 
sented by short circuit connections ! and §2. 
I]lustratively, we shall determine the moments 
for beam  which carries a uniform load of 1200 
pounds per linear foot. Because the structure 
05 and load are assumed te be symmetrical, con- 
sideration of side sway is hot required. Beam 
3 and columns 44 and 46 have equal and con- 
stant moments of inertia, and the load is applied 
only to beam 
40 The stiffness of a symmetrical and uniform 
beam is: 
Stiffness: 4 X Moment of Inertia 
Length 
Thus the stiffness factor takes into account the 
45 length of the structural element. Column 45 
is represented by network 4 which is ruade up of 
three resistances having equai values, R, beam 
43 is represented by network 43 which consists 
of three resistance elements each having a value 
10 equal to Rz, and column 4is represented by 
a network 49 consisting of three resistors each 
having a value equal to Re. 
The stiffnesses and moments of inertia of the 
beam and colunns are equal (span and height 
«,5 each being 10 foot) and the resistances may 
have any value (subject fo certain practical 
]imitations discussed below) provided they are 
all equal, and may be conveniently assumed to 
have a resistance of 1000 ohms each. 
; The fixed-end moments can be round in a 
standard handbook or in the case of the present 
example may be calculated from the equation: 
FEM= PL 
65 12 
or  !. 

i,ls=3 R2_VA (10) CAc=CcA= 1200 X 10 = 10,000 foot-poun.ds 
(where 1% is the value of each of the resistances 70The fixed-end moments are accounted for in 
and 38) and 
23__  the electricl circuit by a constant current l'c 
CVa= (11) applied to the left-hand end of network 
48 and a constant current l'c impressed on the 
2 right-hand terminals of the same network. A 
¢=- (12) 75 suitable source of constant current may be0 
b- 
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tairïéd fr5m a constant  v61tage power Source by 
placing a resistance in serles with the supply 
hich is sufliciently high=relative fo the infernal 
resistance of the networks employed that the 
current is substantially constant regardless of 5 
Changes in the network resistance. 
Suitable alues .of current I%c and l'CA are 
selected fo correspond to the xed-end moments. 
The raost convenient value of current will de- 
pend upon the impedance of the network ele- 10 
ments and the resistance of the meter used to 
indichte the currents. Assume a curî'ent Of 100 
milliamperes is impressed at each end of the 
nëtwork and therefore one milliampere of cur- 
rent wfll represent a moment of 100 foot-pounds. 
A low impedance current raeasuring device is 
employed to measure the resulting current at 
point 53. The curî'ent indlcated will be: 
I=× 100--66.67 m. a. 
hïCï indicatés the moment MAS and coi're- 
sPoïids o a moment of 6,667 foot:pounds. 
 A similar current indicating device inserted at 
iS0iflt. 54. ¢iil indicate the moment MBA and wil] 25 
be equàl to:- 
1 1 
 I-- × lO0 = 3:ï..3 m. a. 
MBA  -- 3,333 fost-pounds 30 
e nietef Or bther, indicating devicë Utflized 
t0 rnesrê the current rnay be calibrated con- 
éniently difectlF in terres of moments. The 
Sffuctuië we have Chosen fo analyze iS sym- 
mëtricäl and therefore tte current measufed af 35 
Pnt 5 wili Se equal to that measured af 55 
äiid. tiré cufent measuféd af point  will be 
ëqi t5 that mèasured at 54. In the preSent 
example if has therefore been detrmined tht: 
M.4BM¢6,667 foot-pounds o0 
,=M»c=--3,333 foot-pounds 
Figure 9 shows a frame structure selected as 
an example because the determination of the 
ni6rdens ánd Side sway involves the principal 45 
0peiati0fis present in the calculation of compli- 
cated frame structures. Settlement and side sway 
ae simfla9 and settlements may therefore be 
takën into account if desired in a way exactly 
p£9allél to the one used for side sway in the fol- 0 
i6ïvin eXarapie. 
For he púrposes of this determination, the 
moments about points A, B, C, and D are desig- 
nated as positive if they are exerted in the direc- 
ti0:fi shown bY the arows. 55 
Thè h0riZ0ntàl displacement, dA of joint A is 
:Ïeignated as Positive if if tends to more beam 
AC t0 the right and the horizontal displacement, 
tic of the joint C is assumed tobe positive .if if 
tends fo more beam AC to the left. Therefore: 6o 
as is usually assumed_in structural design. Each 
beam and column in Figflre 9 is assumed to have 
a constant moment of inertia. 65 
Figure 10 represents, illustratively, one form 
of apparatus suitable for electrically solving prob- 
lemsrelating fo the structure in Figure 9. Net- 
works {}{}, {} and {} may be considered as in- 
dividfial units to be c0nnected in the appropriate 
maër to electrically simulate the frame struc- 
turé'. Each network unit may conveniently be 
Dhsically located relative to the other units in 
ucti manner thàt ifs position corresponds roughly 
rb thë pos:itiori 0f the actual beam or column 
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which the network represents. Such a procedure, 
although having no electrical effect, Wfll assist 
an electrically inexperienced operator in properly 
connecting the networks. A power supply 
supplies the necessary voltages for operating the 
networks. The apparatus also shows, illustra- 
tively, individual meters for measuring the elec- 
trical quantities ai various places in the circuit. 
A commercial equipment advantageously provides 
connecting means, multipliers, and shunts to 
eliminate the multiplicity of meters. The net- 
 works are shown connected to simulate the frame 
structure of Figure 9. Network {}{} corresponds 
to column AB, network  {}  to beam AC, and net- 
15 work {} to column CD. Each network includes 
three variable resistances connected in a T ar- 
rangement and illustratively those in networks 
 {}{} and ! {}  are each adjusted to have a resistance 
of 1000 ohms and those in network {} fo have 
20 a resistance equal to 
I0{0 
K 
where K is stiffness oï column CD relative fo the 
stiffness oï element AB whose stiffness is repre- 
sented by unity. 
An adjustable source oï voltage is representd 
by the tapped resistance {}. The center point 
of the resistance serres as a reference and is 
connected to the common side of all the networks. 
Voltages either positive or negative in respect to 
the center point may be obtained by adjustment 
of the taps. 
The power suppiy is ruade to serve as a source 
of constant current by inserting in series with 
each positive or negative lead a resistance of 
sufliciently high value that changes in the net- 
work resistances wfll have a negligible effect n 
the carrent. A typical value is 100,000 ohms. 
These resistances are denoted lo, n, 12, 1, 
R, and 1 in Figure 10. The resistances used 
in the T networks may be any convenient value 
so long as they maintain the proper relationship 
to each other and are low compared to the con- 
stant current resistances and high as compared 
to the resistance of the meter or other indicator 
used to measure the currents in the circuits. Net: 
work  {}{} is connected fo taps  {} and  {} through 
switches {}] and {}$ respectively. Network 
is connected through switches    and   to taps 
$ and  respectively. Network {} is con- 
nected fo taps $ and ] through switches 
  ] and   $ respectively. 
Because columns AB and CD are uniform and 
symmetrically loaded the taps  and } and 
taps ! 6 and   may be ganged in such manner 
that as one of the ganged taps moves away from 
the zero point the associated tap moves a corre- 
sponding distance in the opposite direction. If is 
thus necessary fo adjust only one of the taps 
or {} and one of the taps 6 or . 
The terminals of two resistor networks are con- 
nected together fo indicate that two correspond- 
ing structural elements are joined or a particular 
network is short-circuited fo indicate that the 
corresponding end of the strüctural element is 
clamped. 
Any low resistance indicator may be used fo 
measure the current af the desired points. For 
0 most applications a !ow resistance milliameter is 
suitable and may Conveniently be calibrated in 
units of moments. For more elaborate systems 
requiring extreme accuracy measuring means em- 
ploying electronic amplifiers may be employed. 
75 The following equivalences may be said fo ex- 
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ist between the individuat structurat etements 
and the corresponding etectrical quantities. 
Consider first the network 00 as equivalent to 
column AB. The stiffness, }, is equal to unity 
and the equivalent resistances 1, 2, and 13, 
each bave a value of 1000 ohms. No equlvatent 
of length is necessary as this factor is included 
in the stiffness. The moment about A, MAB, 
iS considered Positive in a clockwise direction 
and its etectrical equivatent, current IAB, iS COn- 
sidered positive when the direction of current 
fiow is into the network. The moment about 
B, MBA, iS considered Positive in a counterctock- 
wise direction and its e!ectrical equivatent, cur- 
rent IA, is considered positive when the direc- 
tion of current fiow is into the network, ttori- 
zonat displacement of A, dA, is considered posi- 
tive if it acts in a clockwise direction as seen 
from B. The fixed-end moments caused by side 
sway dA are equivatent to the currents im- 
pressed on the network through resistances 110, 
and lu. The side sway, SAB, is equat to 
and the etectrical equivalent is the current in 
lead 2 . The current in tead 22 is equivalent 
to the side sway, Ss, which is equat to 
dA 
The currents in leads 2 and 22 are equat 
and of opposite sign. Their value is an un- 
known of the problem and both currents are 
considered positive when the direction of cur- 
rent fiow is out of the network. The sign con- 
ventions for SA and Ss are the same a for 
Nies and Mss. The voltage between terminats 
123 and 24 is equivalent to the angle of rota- 
tion of joint A. The rotation is considered 
positive if clockwise. The angle of rotation at 
B is equal fo zero and is electricatly repre- 
sented by the short circuit at 12G. The con- 
version factor from unit of voltage to unit of 
angle of rotation is determined by the choice 
of the relation between stiffness and resistance 
and between moment and current. 
Similar retationships are true for column CD 
and network 02. The stiffness, $, in this case 
is equal to K and the resistances I%, I%, and 
1 are each equat to 
1000 
K 
The moment about C, M, is considered posi- 
tive if counterctockwise and the moment about 
D, M.Dv, is considered Positive if in a ctock- 
wise direction. The horizontal displacement of 
joint C, tiC, is considered positive if it acts in 
a counterclockwise direction as seen from D. 
The angle of rotation of joint C is considered 
positive in a countercl0ckwise direction. 
Similar retationships are also true regarding 
beam AC and network . The stiffness } is 
equat to unity and the resistances I, 1, I%, 
in network O! each bave  value of 100 ohms. 
The fixed-end moment CA is considered pOsi- 
tive if clockwise and moment Cc is considered 
positive if counterclockwise; both moments are 
created by the load W on the beam. These 
moments correspond to the currents impressed 
on the network through resistors I%2 and 13. 
Their value is assigned by the problem and 
they are considered positive when leaving the 
network. 

The fixed-end moments caused by side sway 
are assigned arbitrary values which are cor- 
rected in the final result fo the proper values. 
These sssumed fixed-end moments Sco and 
5 Sco (Sc»----S»c) are related to Sas aad 
(Ss--------Ss) by the fact that dA=--dC hence: 
dC dA 
I0 Ss = -- SBa = $s  
dA 
15 = 
SL 
us even though we re hot wre of the 
sotute vtues of S nd Sc (dA nd --ge 
hot determined), the rtio is own: 
20 Sep LAB 
=  
(where  is u constunt depenng on retutive 
stiffness) und, denoting the rutio of the length 
25 of coton AB to the tength of coln C, by h: 
e series of ses oted in oerag 
0 aara sho n igure 10 is se ou n 
below: 
Swihes I I I and I I  are ctosed to apply cur- 
rent to network 8 which corresponds  beam 
AC. Taps $ and  are adjusted so that the 
5 currents read by meters A and As correspond re- 
spectivety to the assied fixed-end moments CAC 
and CcA. The sign is determined by the res 
given above and are both assed to be positive. 
The value of the current is. determined but the 
40 relation factor between moments and currents 
remain arbitrary. Oy the ratios between mo- 
ments enter in the calculation, hot their abso- 
lute values. 
With all switches except    and   2 open, read 
the currents on meters A, A, , and A, and the 
45 voltages on meters V,, and V. Let these values 
be reoerded as A, A, , A,. V and V wih the 
sis observed accordg to the conventions de- 
tailed herein. 
Open switches    and   2 and close switches 
50 8, SS,  and 9 to apply currents  net- 
works 8 and 2. Set the correspondg taps 
in the wer supp until the currents indïcated 
by meters  and A are eqvalent to "1" and 
hX respectivety. 
 Read again the currents incated by meters 
A, A, , and A and the voltages indicated by 
meters V, and V. Let these values be recorded 
as A', ', ', A', V', and V' and observe sis 
as before. 
60 It can now be wAtten tha: 
Is=A+xA" Ic»=-- (A+xAs,)  
IBA=A2x" IDC=-- (A«+xA') 
65 Ic=A+xAs' 
X .is 0 and may be determined, for 
ample, by the condition that the shear balances 
the external fooee, F. The shear with the adopt- 
70 ed sign conventions (Figure 10) is 
M--MBA --Mc+MDc F 
where  is the eernl force indicted in ire 9. 
75  e me%ers re hot cbru%ed direc%ly, the 



unknown factor "x" can be round, in electrical 
terms, 
LxB 
h= 
and the equation can be written  
MxB--MB--hMcD÷h2/IDc=F'L=M 
Using a suitable scale facr between moments 
and currents, thecrent I eqsvalent fo 
determined, therefore: 
IAB--IBx--h (IcD--IDc) =I 
and substituting: 
With e alue of  thus determined; the values 
of the unown voltages and currents are ie- 
dialy determined. The: currents us deter- 
mined are multipHed by the already established 
proportion factor.  give.-the.desired cozre- 
spondg, momen 
Inorder fo-simpfy the.-expanaion of. the 
underlying principles of operation of the ven- 
tion, we hve considered:syetrical structures 
comprised of uniform beams. However, ïor ose 
occasi0ns:when the structural .elemens mustbe 
consifleredks symmetric u; the values of the 
restances , 2, nd 3 mang, up an elec- 
trcal network such- as that. shown  at  " in 
gure 1G wfil hve Eerent values: There exr 
ists a' défihite relatiohip between the carry- 
ovez:ïactor:and:sGEness andthe restnce:values 
thezeby._ ënbiing  such problems to be readflY 
solved: The carover-ïactors and stiEnesses 
are.readily aailable instandard civil engineer- 
ing_ handooks and  the restg values oï 
can- then. be/: chosen: fo satsfy  the- fo!lowing" 
uti0ns 
R 
R 
C. O. 
RR  
TUs,.the, alues. o£ i, ,.: and ... may. b e r - 
medçreadfly.without, extensive calctions.and 
the problem electrlcll solved as. descriC¤ 
hezein._ 
igure 1 represents he fon panel, of one 
the network its_ Each element  he stzuc£ure 
to be .analyzed. is repested by one of. these 
network units and the entire structë is :rep- 
resented by severl utsconnected .togethz in 
accordance with the particular structure fo be 
analyzed:as describedabove. Controls2$L 
and 2$ relate .the=values of the elements:=in= 
the network and are;. calibrad : accordingl.. 
Jacks 24 nd 2flSare:pzovided for determing: 
the current into or out of the network by mens 
of a"plug-n ' meter: Jacks 21  and'2$ are-pro-- 
videdtoPermit determination, of e volge 
isting acss the terminls of the network« Jacks. 
2fl9 are coected-in poErllelwitheach other, 
are jcks  , and are, provided .fo permit con- 
renient inteconnecGon-beteen: the electrical 
networks. Jacks 22are provided for connect- 
ing: £ogthen the commom £ermins .of :ail net 
works. .Two. adtional: ja-cks/2  3 :and ::214 are 
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provided for measuring the currents delivered bY 
the constant current sources and jacks 216 and- 
211 are provided for connecting the current 
sources fo the network. Switches 2|S and 2|9 
provide a convenient means of interrupting the 
circuit between the network and the constant. 
current supply. 
Figure 12 is the schematic circuit of the net s 
work employed in the unit shown in Figure 11 
 and the components are correspondingly num- 
bered. 
Figure 13 illustrates a plugrin type milliameter 
22, a plug-in type voltmeter 222, and an inter- 
connecting-cable 2-3 for use with network units 
such as that shown in Figure ll. 
Many modifications of the aboveinvention will 
bereadi]y apparent, for example, the system 
could be operated by. alternating :current. and a 
phase" detecting device such as an oscilloscope 
utilized fo determine whether the, instantaneous- 
direction of current-flow is into or out of a par- 
ticular-network Other elementS may readfly be 
substituted for the variable resistances in the 
network and Figure 14 shows a network compris- 
ing three variable capacitances 22 suitable for 
use in  an alternating current system. The im 
pedance of. the condensers ai the particular fre 
quency being: used would then be adjusted,as a 
ïunction of the stiffnesses of the structural ele- 
ments. 
Other effective four:terminal networks may, of 
course, be substituted,for the "T" arrangement 
shown: Figure 15 shows.a network having three 
resistors in a  "pi" arrangement. The values of- 
the elements comprising these and other net- 
works may be readily obtained ïrom the general 
equations given above or by well known, electrical 
relationships between such networks. 
Other modifications may be made in order fo , 
provide a: more desirable product ,. for certain 
commercial .applications. For example, a source 
of,' constant ' voltage can be substituted ïor the 
constant current supplied fo the network in the 
abové,embodiment, and has particular advantage 
where, alternating current operation is desired. 
In Figure 15 :two constant voltage generators, 
and 221, whichmay advantageoisly comprise low 
impedance transformer windings, are shown: in 
series with the network leads., 
The general Equations-7 and/8 abovewould/of,, 
course, be replaced by suitable :equations and :the 
subsequent operations perïormed accordingly. 
The following general equations, take into ac- 
count the constant voltage generators 22 and 
6 .221, whereE is the voltage across the terminals. - 
of generator 22S and F is thewoltage across tl/e 
terminals. of generator --1 and the remaining 
symbols bave the saine meaning as in E61uations ' 
7 and 8.. 
. IAB=ç(.VA÷E) 
¢E corresponds .fo the constant urrent 
F corresponds, fo  the constant current'C., 
Apparatüs constructed in accordance with the- 
principles described herein is particularly advan« 
tageousin" solving problems mathematically, dif« 
ficult of-solution, for example, those involving" 
arches or moving lods or..when if is desired"to 
70 analyzë or-design, only.lart oï an entire stru - 
ture. 
Still other m0dificati6ns my,be.readily made- 
to increase: the practicability.:of" the system', for : 
commercial ' applications.   For example;, the 
75 mathematical calculations indicated above inthe -: 
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electrical solution of the problem relating to the 
structure and apparatus shown in Figures 9 and 
10.can be avoided by connecting currents IAB and 
h]'DC (IDC with shunt) to one series of windings 
of a differential ammeter and IB. and hIcD t0 
the other series of meter windings and adjusting 
the position of taps 6, ]7, 66 and 7 untfl 
the meter indicates the desired value for I. 
From the foregoing if wfll be observed that the 
electrical networks embodyLg this invention are 
well adapted to attain the ends and objects here- 
inbefore set forth and to be economically manu- 
factured, since the separate units are well suited 
to common production methods and are subject 
to a variety of modifications as may be deslrable 
in adapting the invention to different applica- 
tions. 
From the above, it is apparent that many pos- 
sible embodiments may be ruade of the above in- 
vention and as many changes might be made in 
the embodiment above set forth, and therefore 
it is to be understood that all marrer hereinbefore 
set forth or shown in accompanying drawings is 
to be interpreted as fllustrative and hot in a 
limited sense. 
I claire: 
1. A system for analyzing frame structures in- 
cluding a plurality of electrical networks, each 
having af least three relatively adjustable quali- 
tatively similar impedance elements, each of said 
networks corresponding to a particular member 
of the structure to be analyzed; detachable 
electrical connecting means for joining said 
networks to correspond to the arrangement 
of members in said structure; a source of elec- 
trical energy for supplying independently adjust- 
able electrical quantities to each of said networks, 
said quantities being substantially independent 
of circuit changes within said networks and 
adapted to be individually adjusted in accordance 
with structural parameters affecting the correq 
sponding structural member; and an indicator 
for measuring an electrical quantity associated 
with each network fo thereby denote movements 
or moments affecting each corresponding struc- 
rural member. 
2. A system for solving problems relating fo 
frame structures including a plurality of electri- 
cal networks, each having af least three relatively 
adjustable resistance elements, each of said net- 
works corresponding fo a particuiar member of 
the structure to be analyzed and said resistarce 
elements being adapted to be adjusted in accord- 
ance with a predetermined relationship between 
electrical resistance and mechanical stiffness or 
carry-over factors of the particular structural 
member to which the particuiar network corre- 
sponds; detachable electrical connecting means 
for joining said networks in accordance with the 
arrangement of members in said structure; an 
adjustable source of electric current associated 
with each of said networks, said current being 
substantially independent of circuit changes 
within said networks and adapted to be individ- 
ually adjusted in accordance with moments 
fecting the particular member to which the net- 
work corresponds and in accordance with a pre- 
determined relationship between moments and 
currents; and an indicator for measuring resuit- 
ing electric currents associated with each net- 
work to thereby denote moments affecting each 
corresponding member. 
3. A system for solving problems relating to 
frame structures including a plurality of elec- 
trical networks, each having at least three rela- 
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tlvely adjustable resistance elements, each of 
said networks corresponding to a particuiar 
member of the structure to be analyzed and sald 
resistance elements being adapted to be adjusted 
5 in accordance with a predetermined relationship 
between electrical resistance and mechanical 
stiffness or carry-over factors of the particuiar 
structural member to which the particuiar net- 
work corresponds; detachable electrical connect- 
10 ing means for joining said networks in accord- 
ance with the arrangement of members in said 
structure; an adjustable source of electric volt- 
age associated with each of said networks, sald 
voltage being substantially independent of cir- 
lE cuit changes within said networks and adapted 
to be individually adjusted in accordance .wlth 
moments affecting the particular member fo 
which the network corresponds and in accord- 
ance with a predetermined relationship between 
20 moments and currents; and an indicator for 
measuring resulting electric currents associated 
with each network to thereby denote moments 
affecting each corresponding member. 
4. A system for solving problems relatïmg to the 
25 effects of stress upon mechanical structures, said 
system including: a plurality of four terminal 
electrical networks each having at least three 
relatively adjustable resistance elements, each of 
said networks corresponding fo a particular mem- 
30 ber of the structure to be analyzed, said resist- 
ance elements being adapted to be individually 
adjusted in accordance with a predetermined 
relationship between electrical resistance and the 
structural characteristics of the particuiar struc- 
35 rural member to which the particular four-ter- 
minal network corresponds; detachable electrical 
connecting means for electrically intercormecting 
said four-terminal networks in a composite net- 
work electrically corresponding to the said me- 
40 chanical structure in its unstressed state; a source 
of electrical energy for supplying independently 
adjustable electrical quantities to each of said 
four-terminal networks, said quantities being 
substantially .independent of circuit changes 
45 within said composite network and adapted to be 
individually adjusted in accordance with prede- 
termined reationships between the electrlcal 
quantities supplied to each of said four-terminal 
networks and the stresses affecting the particuiar 
50 structural members to which each of said four- 
terminal networks correspond; and an indicater 
having electrical connecting means for connect- 
ing said indicator to measure an electrical quan- 
tity associated with each of said four-terminal 
55 networks thereby to determine the effects reN 
sulting to the corresponding members of sald 
mechanical structure caused by the stress or 
stresses applied thereto. 
5. In a system for analyzing frame structures 
60 having a plurality of intercormected structural 
members, apparatus comprising a Plurality of 
four-terminal networks each including three 
justable resistance elements, means for connect- 
ing said networks together to simulate saïd struc- 
65 rural members, constant-current supply means 
arranged to supply a plurality of currents of dif- 
ferent values and including means for vaying the 
relative values of said currents, means for conN 
necting said currents from said constant current 
70 supply means to respective junctions of said net- 
works, and means for measuring the voltages 
isting af the junctions of said networks. 
6. In a system for analyzing frame structures 
having a plurality of interconnected structural 
75 members, apparatus comprising a plura]ity of 



fourterminal networks each including three ad- 
justable resistance elements, means for connect- 
ing saidnetworkstogether fo simulate said struc- 
turaI m-embers, constant-current supp]y means 
arranged to supply aplurality of currentsof dif- 
ferent values and inc]uding means for varying 
therelative values of said currents, means.for 
connecting said currents from saidconstant cur- 
rent supp]y:means fo respective junctions of said 
networls, and means for measuring, the currents 
flowing between said networks. 
EUGENE G. FUBINI: 
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